The presence is reported of an RNA-instructed DNA polymerase in visna virus, the causative agent of a 'slow' neurological disease in sheep. The product synthesized by the RNA-directed reaction has been shown to be a DNA heteropolymer by the following criteria: synthesis requires the presence of all four deoxyriboside triphosphates; the product is resistant to ribonuclease and alkali but is degraded by DNase; and the product has a density of 1.420 in C82SO4 solution, characteristic of DNA.
The discovery by Temin and Mizutani (1) and Baltimore (2) of an RNA-instructed DNA polymerase in the virions of two RNA oncogenic viruses was rapidly confirmed and extended to other RNA oncogenic B-and C-type particles. Table I summarizes the relevant available information on the oncogenic and nononcogenic viruses. It will be noted that the 11 groups listed include viruses that cause leukemias or sarcomas in chickens, mice, cats, and hamsters, as well as several viruses associated with mammary tumors in mice, rats, and monkeys. As may be seen from Table 1 , the source or strain of the virus has no influence on the detectability of the enzyme. Viruses derived from tumors, plasmas of infected animals, tissue cultures employing cells homologous or heterologous to the host of origin, all possess RNA-instructed DNA polymerase activity.
Subsequently, two other DNA polymerase activities were demonstrated in RNA oncogenic viruses by Spiegelman et al. (4, 8) . One employs double-stranded DNA as a template in a DNA-instructed DNA polymerization and the other uses DNA RNA complexes in a hybrid-instructed DNA polymerization. To date, no RNA virus of known oncogenicity has been found to lack these activities.
In striking contrast, none of the seven nononcogenic RNA viruses listed in Table 1 bear some physical or biological resemblance to the oncogenic varieties. Visna, a "slow" virus (13) (14) (15) (16) ) that causes a neurological disease in sheep and is used as an experimental model for multiple sclerosis and "post-infectious" encephalomyelitis, looked particularly promising. Visna virus resembles the oncogenic RNA viruses in morphology, morphogenesis (17) (18) (19) , and physical properties (20) (21) (22) (23) (24) (25) . Further, like the oncogenic RNA viruses, it is sensitive to such agents as actinomycin D and bromodeoxyuridine (22, 26) , which interfere with DNA synthesis. We report here that visna, an apparently nononcogenic virus, does in fact contain all three DNA polymerase activities (RNA-, DNA-, and hybrid-instructed) that characterize the oncogenic RNA viruses.1
MATERIALS AND METHODS Cell cultures
Sheep choroid plexus (SCP) cells were prepared by trypsin dispersion of choroid plexuses removed from the brains of exsanguinated domestic Hampshire or Suffolk sheep as previously described (20) . SCP cells were used between the third and sixth passages. Embryo bovine trachea cells were obtained from the American Type Culture Collection in their 29th passage and used in their 35th passage.
Sheep testes (ST) cells were kindly obtained from Drs. K. Takemoto and L. Sturman of the National Institutes of Health. These cells were used in the tenth to fifteenth passages.
Cell lines were maintained in 250-ml plastic flasks in reinforced Eagle's medium (27) 00C in the presence of 0.2% Nonidet P40 and dithiothreitol (66 mM). This incubation solution was then added to the standard reaction mixture at 370C. At the intervals specified, 40-Ml aliquots were taken and processed for acid-precipitable radioactivity as described in Fig. 1 . The RNA-instructed and DNA-instructed reactions (see legends for Fig. 1 and Table 4 for details) are compared with the DNA polymerase reaction utilizing the DNA -RNA hybrid as template. Results are expressed in incorporation of pmoles of radioactive product per 10 ,ug virus protein.
10-18 hr after inoculation; at that time, the cell monolayer was completely destroyed. Control monolayers were incubated with medium containing 2% heat-inactivated lamb serum and the medium was harvested in a manner similar to that used with visna-inoculated flasks.
Harvested material was stored at -70°or 4°C until purified.
Virus purification Medium from visna-infected cultures was clarified by centrifugation at 8,720 X g for 10 min at 4°C and concentrated by centrifugation at 78,000 X g for 3 hr. Pelleted virus was resuspended to one-sixtieth of its original volume in phosphatebuffered saline, pH 7.2, containing 0.5% bovine serum albumin. Suspended pellets were pooled, reclarified, and reconcentrated by centriguation.
Concentrated virus (0.5 ml) was layered on a preformed gradient of 5-50% w/w potassium tartrate in 0.1 M phosphate buffer (pH 7.0) containing 0.001 M EDTA, and centrifuged in an SW65 swinging-bucket rotor at 258,000 X g for 1.5 hr at 40C. Virus that banded between 1.18 and 1.20 g/ml was collected, diluted in a large volume of phosphate-buffered saline containing 0.5% bovine serum albumin, pelleted by centrifugation, resuspended, and further purified by a second cycle of potassium tartrate density gradient centrifugation. Viral material was again collected, pelleted, and suspended in Tris-saline-EDTA buffer, pH 8.3, and used in enzyme studies.
VSV grown in SCP cells and medium harvested from uninfected SCP cells were treated in the same manner.
DNA polymerase assays
Assays for the RNA-instructed DNA polymerase activity, DNA-instructed DNA polymerase activity, and DNA polymerase activity utilizing synthetic DNA * RNA hybrids as templates were performed as previously described (3, 4, 8) .
Isolation of product synthesized by visna polymerase
The phenol extraction, passage through Sephadex G-50, and cesium sulfate equilibrium density centrifugation of the product synthesized by visna polymerase were as previously described (3).
RESULTS
Properties of the RNA-instructed DNA polymerase As shown in Table 2 , optimal activity clearly requires the presence of all four deoxyriboside triphosphates, and this indicates the synthesis of a heteropolymer. The reactions recorded in Fig. 1 and Table 2 occurred in the absence of added template and were therefore presumably dependent on the nucleic acid contained in the virion. The elimination of the reaction in the presence of pancreatic and T, RNase (Table 2) demonstrates that the resident template used is in fact the RNA of the virus. Prior treatment of the virions, grown in all three cell lines, with 0.2% nonionic detergent (Nonidet P40) was essential for detection of the reaction.
It was possible that the observed polymerase activity was notdue to the visna agent but rather to avirus contained in the cells used and either normally released or possibly activated by infection with a cytolytic virus. To examine these possibilities, we processed uninfected SCP culture supernates and supernates from SCP cells infected with VSV in a manner identical to that employed in the preparation of visna virus. The material banding at the density characteristic of visna (approximately 1.18 g/ml) was collected, concentrated, and assayed for DNA polymerase activity. In neither case could any activity be detected. A standard 3-ml reaction mixture (see Fig. 1 ) containing 2 mg of viral protein, 49 X 107 cpm of [gH]dTTP (sp act 4400 cpm/pmol) was incubated for 150 min at 370C and the reaction was terminated by adding sodium chloride and sodium dodecylsulfate to final concentrations of 0.4 M and 1%, respectively. The reaction product was isolated by phenol extraction and passage through Sephadex G-50, and precipitated by the addition of 2 vol of absolute ethanol in the presence of E. coli RNA carrier at a final concentration of 10 pg/ml. After storage at -10CC overnight, the sample was centrifuged at 10,000 rpm for 30 min at -50C. After The product of a 2.5 hr synthesis was isolated and purified by phenol extraction and passage through a Sephadex G-50 column to remove labeled nucleoside triphosphates. The purified product was incubated with either ribonuclease, sodium hydroxide, pronase, or deoxyribonuclease. Table 3 12 ul, were first incubated for 10 min at 0°C in the presence of 0.2% Nonidet P40 with dithiothreitol (66 mM). The virus was then added to the standard incubation mixture at 240 ug/ml and incubated at 37°C. The reactions were terminated as described in Fig. 1 .
shows that the synthetic product was not degraded by ribonuclease, NaOH, or pronase but was sensitive to DNase. To provide further evidence that the product was indeed DNA, its density was determined by equilibrium density centrifugation in cesium sulfate. E. coli DNA and rat cellular RNA (DNase-treated) wereused as density markers. As shown in Fig. 2 , the density of the product is 1.420, corresponding to the density of DNA and in excellent agreement with densities of the products formed by RNA-instructed DNA polymerase activities of the oncogenic viruses examined (3).
DNA-instructed DNA polymerase
The search for the DNA-directed activity was made easier by prior elimination of the resident RNA template treatment with micrococcal nuclease after disruption of the virus with detergent. Micrococcal nuclease requires calcium, and its activity can be neutralized by the addition of the calciumchelating agent ethyleneglycol-bis(aminoethyl ether)tetraacetic acid (EGTA). The incorporations of [3H]dATP into acid-insoluble product on the addition of a variety of doublestranded DNAs to nuclease-treated preparations are shown in Table 4 . Similar activities were observed in visna virions propagated in both SCP and ST cells. Identical preparations derived from uninfected and VSV-infected cultures were nega- Chick embryo fibroblast DNA, human placental DNA, and Micrococcus lysodeiktikus DNA were used as templates at final concentrations of 12, 9.6, and 10 pg/ml, respectively. DNA was prepared as described previously (4) . To eliminate the RNAinstructed reaction, the virus preparations (100 pg of virus protein in 50 Al of Tris-saline-EDTA buffer) were treated with 0.2% Nonidet P-40 for 10 naturally occurring DNA duplexes. This finding has obvious theoretical implications, but even more important, practical ones. In attempting to purify the enzyme activity or searching for it in diseased tissue, synthetic duplexes are clearly the templates of choice. Not only are they more sensitive in detecting enzyme activity, but in addition their use avoids confusion with normally occurring DNA polymerases that require the presence of all four deoxynucleoside triphosphates for detection.
DISCUSSION
The relationship of visna virus to the known oncogenic RNA viruses is of obvious interest. In a recent review, Thormar (24) pointed out similarities between visna and the RNA tumor viruses with respect to size, structure of virion, site of maturation, requirement for DNA synthesis, and sensitivity to ether, chloroform, and UV irradiation. He also noted the resemblance to maedi, which bross-reacts serologically with visna and is the causative agent of a pulmonary disease of sheep. The maedi virus is an obvious candidate for the possession of DNA polymerase enzyme activities.
No oncogenic activity has thus far been reported for visna virus. Failure, however, to display oncogenicity can hardly be accepted as decisive evidence of its absence. Many features commonly possessed by the oncogenic RNA viruses can obviate the interpretability of a negative outcome. These include long latent periods, tissue specificity, requirements for high virus dosage and viral defectiveness. Further exploration of visna oncogenicity using in vitro cell transformation with embryonic material of diverse origins is clearly desirable.
Since it is now possible to synthesize DNA complementary to visna viral RNA, an excellent tool is provided for examining sequence homology of visna to the known oncogenic RNA viruses via molecular hybridization (3). Finally, because of the sensitivity with which the DNA polymerase can be detected with such templates as poly(dC) -poly(G) (Fig. 3) , it seems not unreasonable to begin a search for the presence of this activity in the tissues of patients with multiple sclerosis, a human disease that bears resemblance to that induced by visna virus in animals.
NOTE ADDED IN PROOF
In recent experiments in this laboratory, an RNA has been isolated from purified visna virions that has a sedimentation coefficient similar to that of known oncogenic RNA viruses, i.e., 64 S.
